INTRODUCTION
Holoprosencephaly (HPE) represents a virtually continuous clinical spectrum of disorders ranging from simple microform features, such as closely spaced eyes or a single central maxillary incisor, to the extreme of a single cyclopic eye and superiorly placed proboscis. It is the most common malformation of the brain and face in humans [Muenke and Beachy, 2001; Cohen, 2006; Dubourg et al., 2007; El-Jaick et al., 2007a] . While there has been considerable progress in our understanding of HPE over the past decade on both a genetic and mechanistic level, there has also been a growing appreciation for its etiologic heterogeneity and molecular complexity [Krauss, 2007; Monuki, 2007] . Furthermore, while similar defective genes can lead to HPE in humans as those that cause cyclopia in animals, there are fundamental differences between the universally observed heterozygous mutations in human subjects and the typically homozygous null model systems. Here we will describe these differences of gene number and context that may suggest a working model to account for some of these disparities.
THE MAPPING OF HPE GENETIC LOCI IN HUMAN CHROMOSOMES
Most investigators consider HPE to result from the genetic loss or mutational dysfunction of any one of at least 13 different autosomal dominant loci that serve as core susceptibility factors for humans (Table I ). The initial clue to Most investigators consider HPE to result from the genetic loss or mutational dysfunction of any one of at least 13 different autosomal dominant loci that serve as core susceptibility factors for humans.
presence and location of these loci was derived from the systematic collection of HPE patients with consistent cytogenetic alterations that resulted in the loss, or gain, of critical chromosomal regions. Almost half of new HPE cases result from genetic inbalances generated by cytogenetic rearrangements occurring either de novo or following inheritance of a translocated chromosome with resulting aneupoidy [see Bendavid et al., 2005a Bendavid et al., , 2005b Bendavid et al., 2010; Tyschenko et al., 2008] . These original studies firmly established the concept that only a single genetic insult was sufficient to trigger HPE pathologies. The minimal critical regions defined by these relatively uncommon cytogenetic rearrangements were subsequently demonstrated to contain a principal risk factor gene for new mutations at each key locus: SHH at 7q36, SIX3 at 2p21, ZIC2 at 13q32, and TGIF at 18p11.3. To date, these four genes are the established targets of novel mutation leading to HPE susceptibility in hundreds of families ascertained world wide [Dubourg et al., , 2007 . When examined carefully, mutations in these, or related genes, have been shown to result in proteins with diminished biological function [(SHH) Roessler and Muenke, 2003b; Schell-Apacik et al., 2003; Traiffort et al., 2004; Maity et al., 2005; Goetz et al., 2006; Singh et al., 2009; reviewed in Roessler et al., 2009c; (ZIC2) Brown et al., 2005; reviewed in Roessler et al., 2009a; (SIX3) Domené et al., 2008; Geng et al., 2008 ; (TGIF) Knepper et al., 2006; El-Jaick et al., 2007b; (GLI2) Roessler et al., 2003a ; (NODAL pathway) Roessler et al., 2008 Roessler et al., , 2009d ; (DISP) Roessler et al., 2009b] . Despite the proven utility of mutation screening of these genes, one must note that nearly 75% of cases of HPE with normal chromosomes do not have identified mutations. Hence, many additional factors related to HPE pathogenesis are uncharacterized, and likely include both environmental agents and additional genetic factors. Despite the fact that the ''glass is only one quarter full'' at this stage, we can begin to draw important conclusions that should pertain to any new HPE gene(s) in the future. This extensive genetic heterogeneity suggests that there is a large set of genes that when structurally altered, or lost, can lead to HPE spectrum disorders.
Thus, the population incidence of HPE should be the sum of many individual risk target loci. As described in Table I , there are at least 10 named HPE loci, including four with the responsible gene yet to be identified. Mutations in at least 9 genes have been described to occur among HPE probands and these heterozygous mutations are usually the only molecularly significant variation detected by routine molecular diagnostics. The number of HPE loci is likely to increase as new genes are evaluated. In general, it is a new mutation, or gene loss/gain, that creates the risk for any given HPE family. Importantly, extrapolation from one family to another is problematic since different mutation(s) are at the core of each case. Finally, the typical variable expressivity of the same mutation among affected family members invokes additional co-morbid factors that can contribute to the ultimate phenotype [Roessler et al., 1996 [Roessler et al., , 1997 Ming and Muenke, 2002a] .
THE ROLE OF MODEL ORGANISMS IN CANDIDATE GENE SELECTION
A second important source of knowledge and insight about the genetics of HPE derives from the characterization of key genes through their manipulation in model organisms, such as the mouse, chick, frog, or zebrafish. Cyclopic phenotypes are relatively easy to produce by disturbances in the highly conserved process of gastrulation [Muenke and Beachy, 2001; Krauss, 2007; Schachter and Krauss, 2008; Lipinski et al., 2010] . At the same time,
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it should be remembered that the tools used to manipulate genes in animal systems are typically not intended to accurately model human disease; rather, 
THE DIVISION OF THE EYE FIELD IS AN ACTIVE PROCESS
The establishment of the axial midline in vertebrates creates a series of important signaling centers topologically oriented to reinforce conserved fundamental aspects of telecephalic patterning [see Fig. 1A and A', adapted from: Rubenstein et al., 1998; Beddington and Robertson, 1999; Roessler and Muenke, 2001; Wilson and Houart, 2004] . One of the key signaling centers crucial for the pathogenesis of HPE is the most anterior extent of the midline mesoderm, called the prechordal plate (PCP). Several signals emanate from the PCP and trigger a secondary patterning center in the ventral forebrain, including Sonic hedgehog, the molecule most closely related to HPE (see below) and one of the major sources of ventralizing signals during forebrain development. As described in Figure 1A and A', the future forebrain acquires its regional specialization under the influence of several patterning centers. At the most rostral position in the forebrain, the anterior neural ridge (ANR) secretes mitogenic factors, such as Fibroblast growth factor 8 (Fgf8), as well as Wnt inhibitors, such as Tlc [Houart et al., 2002] , that prevent caudalizing Wnt signals from the posterior neuraxis from influencing the development of the telencephalon (see Fig. 1F and F'). As we will see shortly, one of the key HPE gene products, SIX3, has both anti-Bmp and anti-Wnt biological activity and creates a zone in the eye field and forebrain where these signals are neutralized. Although this process normally occurs in three dimensions in vivo, it can be studied by using Wnt and TGFb inhibitors in stem cell culture [Watanabe et al., 2005] . A second major signaling center is the midbrain-hindbrain boundary that secretes a number of signals such as fibroblast growth factors and Wnts (Fig. 1A) . Wnt ligands are important factors that are actively neutralized in the anterior neural plate but have essential functions in the hindbrain development. Retinoic acid is yet another posteriorizing factor that is produced in the trunk paraxial mesoderm and is crucial for the patterning of the hindbrain, but is actively neutralized by a cytochrome p450 enzyme (Cyp26) in the anterior neural plate that helps to define the MHB territories [Kudoh et al., 2002; White et al., 2007] . These in vivo and in vitro systems demonstrate both the intrinsic tendency for neural induction, given the appropriate circumstances, and the requirement for a delicate balancing of numerous key influences: hedgehogs, fibroblast growth factors (Fgf), bone morphogenic proteins (Bmp), retinoic acid, and canonical and non-canonical Wnt signals. Therefore, while basic mechanisms of forebrain patterning are intelligible, they are complex and require the simultaneous integration of a large number of factors. The eye field begins as a single structure that spans the midline [Adelmann, 1936; Li et al., 1997] . Under the influence of signals from the PCP, the vertebrate eye field splits into discrete left and right eyes [compare Fig. 1A and 1A'; Marlow et al., 1998; Varga et al., 1999] . In a recent study in zebrafish, this process has been directly measured under timelapse photography [England et al., 2006] . Thus, the division of the eye field, and by implication the forebrain, is an active process involving directed cellular movements and the critical orientation of the midline PCP signaling center beneath the telencephalon. If these developmental steps are not completed correctly, for any of several reasons, the default result is cyclopia.
For example, animals where the PCP is surgically removed (Fig. 1C and C' ) or never forms ( Fig. 1E and E') consistently develop cyclopia [Shih and Fraser, 1996; Feldman et al., 1998; reviewed in Shen and Schier, 2000; Schier, 2003] . Experimental evidence that hedgehog signals are both necessary and sufficient for the completion of the eye field separation (Fig. 1B and B' ) comes from treatment of zebrafish with ethanol (a well known HPE teratogen) [Blader and Strähle, 1998 ; see also Aoto et al., 2008] , or anti-hedgehog morphilinos (chemicals that result in gene-specific suppression of protein translation) [Nasevicious and Ekker, 2000] or chemical inhibitors of hedgehog signaling itself [Cordero et al., 2004] .
NODAL SIGNALING AND THE MIDLINE
Nodal was initially described as a gene essential for the establishment of the organizer, or node in higher vertebrates that was lethal in the homozygous null state [reviewed in Beddington and Robertson, 1999; Rohr et al., 2001; Schier, 2003; Shen, 2007 ]. As we have described previously, typical mice heterozygous for mutations in Nodal are normal. However, both the development of the axis in vertebrates and the establishment of organ laterality depend on Nodal signals. As these become progressively decreased below 50%, a range of phenotypes can result [Lowe et al., 2001; Vincent et al., 2003; reviewed in Roessler and Muenke, 2001; Roessler et al., 2008 Roessler et al., , 2009d . The most consistent consequence of impaired Nodal signaling is disturbance in laterality. Only when the co-factors Gdfs also compromised is the axial midline affected [Andersson et al., 2006] . However, a compromised axial midline will inevitably lead to secondary changes in the PCP and factors secreted by this structure, such as Sonic hedgehog ( Fig. 1E and E' ).
SONIC HEDGEHOG SIGNALING AND HPE
It is now widely accepted that holoprosencephaly is an example of a Figure 1 . A: a schematic representation of a typical flat neural plate prior to the neurulation stage, viewed from above, is shown with key signaling centers indicated by various colors. Anterior is at the top and the hindbrain (orange) and spinal cord at the bottom. Each pair of figures illustrates the effects of the loss of key genes/structures in a simplified developmental progression. The most rostral center, the anterior neural ridge (ANR), is in black and secretes FGF8 (black arrows, also produced at the midbrain-hindbrain boundary [MHB] , which is dark green) and the anti-WNT factor TLC (not shown) [Houart et al., 2002] . The ANR promotes the growth and expansion of the telencephalon (shown as an undivided light blue strip of tissue). Note that the eye field, shown in dark blue, is also contiguous across the midline just caudal to the telencephalon within the mesencephalon/midbrain territory (yellow). The MHB produces several important caudalizing factors, including WNTs (green arrows), whose actions are contained by rostral inhibitors (DKK1, TLC, SIX3, etc.). The paraxial mesoderm (caudal to the MHB) is a source of retinoic acid that patterns the hindbrain, but is eliminated anterior to the MHB by the enzyme Cyp26. The axial midline (notochord as red line, and prechordal plate, PCP as red ellipse) is a source of hedgehog ligands (red arrows) as well as anti-BMP factors such as chordin, follistatin and noggin (not shown, see Klingensmith et al., 2010) . Definitive ectoderm is a source of BMP activity (thin black line surrounding each diagram) and assumes its exterior location, with neural tissue interior, following neurulation [England et al., 2006] . A': if the PCP correctly migrates beneath the telencephalon, then secondary signals, including a secondary domain of hedgehog activity in the ventral telencephalon, accompanies the division of the eye field into two discrete eyes. B: if hedgehog signals (red arrows) are eliminated, genetically or pharmacologically, the eye field fails to divide resulting in cyclopia, see B'. Hedgehog activity is also required in the developing face [Cordero et al., 2004] linking additional signaling centers to the function of the PCP. C: surgical ablation of the PCP also results in cyclopia [Shih and Fraser, 1996] , see C'. D and D': attenuated hedgehog signaling is compatible with some eye field separation, although the eyes are closely spaced (hypotelorism). E and E': if the axial midline fails to form, or degenerates, the resulting animals are uniformly cyclopic [Izraeli et al., 1999; Karkera et al., 2002] . F: the importance of WNT inhibition is illustrated by model organisms lacking Six3 where the telencephalon is truncated under the un-restrained activity (large green arrows) of caudalization signals. To the extent that anterior eye field forms under these circumstances (faint green) these anterior structures soon disappear, see F'. Interestingly, one WNT inhibitor, DKK1, is not a common mutational target in humans . Excessive exposure to retinoids can also result in atelencephaly, or HPE [Sulik et al., 1995] , possibly through a similar mechanism of caudalization.
multi-factorial trait requiring the synergy between novel mutations in key genes, the interaction of these mutations with endogenous host variants, and the likely additional effect of environmental insults. A difference between human
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HPE and its closest mouse model was apparent from the first example. When mice are deleted for both copies of the Sonic hedgehog (Shh) gene, the animals display uniformly severe HPE-like features, growth retardation, limb anomolies, extreme cyclopia, and defective axial patterning throughout the entire neuraxis. However, murine Shh þ/À heterozygotes are phenotypically normal [Chiang et al., 1996] . Although this degree of clinical severity, evident in the homozygous null mouse embryos, can be seen in humans, it is not typical for these cases to survive to term. On the other hand, heterozygous variations in the SHH gene are the most commonly detected mutations in a liveborn collection of HPE probands [Roessler et al., 1996 [Roessler et al., , 2003b [Roessler et al., , 2009c . Furthermore, instances of two mutations in the human SHH gene in the same individual HPE patient have not been reported. With the passage of time, this gene dosage discrepancy has never been fully explicated. In one scenario, this paradox would be explained by invoking multiple different genetic alterations. However, these mutations, in our current view, would likely occur in several independent genes (in humans) instead of two identical mutations in the same gene (in mice). Subsequent studies of model systems confirmed that dysfunction of hedgehog signaling was a common mechanism for the production of HPElike phenotypes [reviewed in Roessler et al., 2003b; Ingham, 2008] . Three additional genes in the human SHH signaling pathway have been described as mutational targets in HPE patients, including the SHH receptor PTCH1 [Ming et al., 2002b; Ribeiro et al., 2006] , the ligand transporter DISP1 Roessler et al., 2009b] and the transcription factor GLI2 [Roessler et al., 2003a [Roessler et al., , 2005 Rahimov et al., 2006] . Again, we detect salient differences between the mouse models and the human phenotypes of HPE probands with heterozygous mutations. These phenotypic differences suggest that the consequences of diminished hedgehog signaling are similar between mice and humans, but that number and types of genetic alterations that accomplish them are different.
A recurrent theme emerging from the comparison of mouse models of HPE with human pathologies is the notion that homozygous null animals serve as proof and illustration of the more severe phenotypic extremes but do not reliably reconstruct the genetic architecture of human HPE cases [Hayhurst and McConnell, 2003 ]. For example, mice lacking the key transducer of hedgehog signals, Smo, arrest early in embryonic development due to the elimination of all hedgehog signals [e.g., see 1B, fails to proceed to 1B'; see Zhang et al., 2001] . Similarly, mice homozygous null for Disp arrest at a nearly identical stage ; however, in both cases the murine heterozygotes were phenotypically normal. These differences between murine and human phenotypic pathologies from a given gene variant are common to almost all murine HPE models and suggest: (1) humans with two lesions in the same gene are likely to be uncommon, and, (2) if present, it would be expected to reflect only the severe end of the spectrum [reviewed in Krauss, 2007] . The extreme variability that is characteristic of HPE is difficult to explain if both alleles of a key gene (genetically recessive) must be significantly impaired in most cases. Furthermore, heterozygous carriers should be prevalent in a control population; yet, this is contrary to the experience of molecular diagnostic centers. In contrast, gene-gene interactions between mutations and functionally linked factors and/or gene-environmental interactions would not be precluded in a model of novel heterozygous mutations interacting with other factors.
GENETIC MODIFIERS EMERGE AS KEY MODULATORS OF PHENOTYPE
As additional murine models of cyclopia have become available, the importance of strain-specific modifiers has emerged as the most likely explanation for discrepant HPE phenotypes. For example, the cell surface protein Cdo is a member of a family of hedgehog receptors that modulates signaling the target field [Cole and Krauss, 2003 ]. In the original mouse strain examined, the Cdo À/À animals displayed a single central maxillary incisor, typical for microform HPE. Interestingly, when these animals are bred into another strain of mice, they begin to display increasingly severe phenotypes including cyclopia [Zhang et al., 2006] . Increasingly, murine models of similar craniofacial anomalies have exploited the potential interactions within hedgehog signaling pathways in compound mutants to more closely mimic human disease [Tenzen et al., 2006; Allen et al., 2007; Seppala et al., 2007] . This observation of strain-specific modifiers has been shown to be important in all of the HPE genes examined (reviewed in Krauss, 2007; Schachter and Krauss, 2008; see below) .
BOTH EARLY AND LATE FUNCTIONS FOR ZIC2 IN HPE
Mutation or deletion of the human ZIC2 gene is the second most common detectable alteration in HPE subjects [Brown et al., 1995 [Brown et al., , 1998 [Brown et al., , 2001 [Brown et al., , 2002 Brown et al., 2005; reviewed in Roessler et al., 2009a] . Although the precise functions of this transcription factor are still poorly understood, it encodes a classical Gli-type zinc finger DNA binding motif that recognizes exactly the same targets as the transcription factors mediating hedgehog signals [Redemann et al., 1988; Kinzler and Vogelstein, 1990; Pavletich and Pabo, 1993; Mizugishi et al., 2001] . The notion that Zic Mutation or deletion of the human ZIC2 gene is the second most common detectable alteration in HPE subjects.
Although the precise functions of this transcription factor are still poorly understood, it encodes a classical Gli-type zinc finger DNA binding motif that recognizes exactly the same targets as the transcription factors mediating hedgehog signals.
factors augment or co-regulate hedgehog targets was initially attractive but at variance with its observed dorsal expression pattern [Nagai et al., 1997; Brown et al., 2003; Elms et al., 2003 Elms et al., , 2004 Aruga, 2004; Aruga et al., 2006] . The initial murine model for Zic2 was a hypomorphic allele that was associated with a neurulation delay, monoventricle and spina bifida [Nagai et al., 2000] . A recent study has now demonstrated an early role for Zic2 in the axial midline that precedes the expression of Shh yet produces an extensive range of HPE phenotypes, from the mild to severe extent of the spectrum [Warr et al., 2008] . This variability in expressivity of the Zic2 À/À embryos is evidence of stochastic factors that can be important, particularly with early acting genes. Again, there is a link to Shh in that the degree of HPE features could be correlated with the extent of forebrain expression of the hedgehog protein. Thus, most of the abnormalities of HPE can be traced to the impact on forebrain expression of hedgehog signals.
MULTIPLE ROLES FOR SIX3 IN HPE
The murine Six3 gene is one of the earliest markers of the anterior forebrain and midline, structures known to be important in HPE pathogenesis [Oliver et al., 1995] . However, complete absence of the Six3 gene leads to anterior truncations of the forebrain, not classical HPE ( Fig. 1F and F' ). In contrast, heterozygous mutations in human SIX3 are the third most commonly detected sequence variations among HPE patients [Wallis et al., 1999] . Genetic and biochemical studies of Six3 have demonstrated several essential roles at different times during development of the forebrain and eyes [Lagutin et al., 2003; Lavado et al., 2007] including anti-BMP [Gestri et al., 2005] and as a Groucho-dependent repressor of Wnt signals [Zhu et al., 2002] . The Six3 gene also encodes one of several transcription factors present in the eye field where it functions to inhibit caudalizing Wnt signals. An additional property of Six3 is its interaction with the cell cycle regulator, gemenin, where it can promote the continuing proliferation of retinal progenitors [Del Bene et al., 2004] . Given these multiple roles, it was initially difficult to understand how Six3 fit into the HPE scheme.
A recent study has now clarified the role of SIX3 by confirming our independent results that mutations seen in HPE patients are of diminished function [Domené et al., 2008] ; these investigators went on further to demonstrate that the introduction of a heterozygous human-type mutation into the mouse can lead to HPE-like phenotypes ; see also Jeong et al., 2008] . A crucial observation is that the artificially mutated gene is sensitive to the genetic background of the mouse strain utilized and also exacerbated by the introduction of a dose reduction in the Shh þ/À gene. These studies demonstrate that Six3 has an additional property of regulating Shh in the ventral forebrain. A long distance enhancer of the SHH gene had been postulated during the mapping of the HPE4 locus based on a cluster of translocations detected at a considerable distance from the coding region of the SHH gene [Roessler et al., 1997] . We now know that this SHH forebrain enhancer binds the SIX3 protein, and its expression in the ventral forebrain is compromised with diminished function of a mutant version of the protein. Thus, one key consequence of defective SIX3 function is to impair the expression of SHH in the ventral forebrain thus linking the two genes into the same developmental program.
18p-, TGIF AND RETINOIDS
Deletions involving human chromosome 18p are among the most common chromosomal changes detected in HPE subjects [Overhauser et al., 1995] .
Deletions involving human chromosome 18p are among the most common chromosomal changes detected in HPE subjects.
By definition, most of these deletions encompass more than the TGIF gene where functionally abnormal mutations are detected [Gripp et al., 2000; El-Jaick et al., 2007b] . Three of the 13 mutations detected in HPE cases have been shown to be de novo. However, the penetrance of 18p deletions as a cause of HPE is as low as 10%, suggesting either that this is a weak HPE locus, or that additional co-morbid factors may be required. TGIF is a transcriptional co-repressor of TGFb signaling and also inhibits the actions of retinoids [Wotton et al., 1999; Bartholin et al., 2006] . Despite intensive
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investigations in mouse models, the role for TGIF in HPE has remained obscure. Three different mouse models have failed to identify HPE-like phenotypes in Tgif null animals [Shen and Walshe, 2005; Bartholin et al., 2006; Jin et al., 2006] . A fourth mouse model has noted that a postulated dominant acting intragenic deletion of the murine Tgif locus can lead to forebrain defects and that the penetrance of these malformations are dependent on strain effects [Kuang et al., 2006] . Although it remains uncertain if this is the actual mechanism for HPE pathologies, mice lacking Tgif are modestly sensitized to external exposure to retinoids [Bartholin et al., 2006] . These agents are known teratogens causing anterior truncations and HPElike malformations in mice [Sulik et al., 1995] . A possible mechanism for TGIF in human HPE could involve the presence of increased retinoid acid in the anterior forebrain ( Fig. 1F and F') , which may then result in exceeding the enzymatic ability to degrade retinoic acid in this compartment [Gongal and Waskiewicz, 2008] .
THE INTEGRATION OF MULTIPLE SIGNALING SYSTEMS IS ESSENTIAL
It is now widely accepted that to attempt to explain the entire HPE spectrum of disease by focusing solely on an individual gene would be to grossly oversimplify what is clearly an elegant network of interacting genes and signaling centers [reviewed in Monuki, 2007; Fernandes and Hébert, 2008] . The central importance of the midline signals, and Sonic hedgehog in particular, has continued to be emphasized in recent studies [Hayhurst et al., 2008] , but clearly is not the sole potential cause of HPE phenotypes. For example, Bmp signaling in the dorsal regions of the telencephalon is crucial for the development of the hippocampus and cortical hem [Cheng et al., 2006; Fernandes et al., 2007; Hébert and Fishell, 2008] . Although the middle interhemispheric variant (MIHV) of HPE most closely resembles these types of defects, it is not yet known if defective BMP signals account for this type of malformation in humans. Furthermore, MIHV is not exclusively associated with ZIC2 mutations as is commonly presented [Fernandes and Hébert, 2008; Maurus and Harris, 2009] . Interactions among midline telencephalic centers have been emphasized repeatedly in recent HPE models [Storm et al., 2006] . Most of the factors described in Figure 1 (Fgfs, Bmps, retinoids, hedgehogs, Wnts) have been shown to have cross-regulatory actions. Similarly, a recent study in zebrafish suggests that zic factors, in this system, can connect a wide range of signaling functions including Nodals, hedgehogs and retinoic acid [Maurus and Harris, 2009] . While this may be unique to zebrafish, the general principle may prove to extend to other organisms. We should be prepared for many new mechanistic surprises in the future, since only a fraction of HPE cases have even a single risk factor determined.
SUMMARY
It is becoming increasingly likely that the integration of multiple defects will be required for the understanding of individual cases of HPE. While it is yet to be convincingly demonstrated that a digenic model of HPE is generally appropriate [Ming and Muenke, 2002a] , it would be naïve to attribute the variable expressivity of similar mutations in a HPE gene to anything other than comorbid genetic or environmental modifiers. Since the proximate cause of HPE is typically due to a novel mutation, or gene gain/loss, these modifiers must already be present in the germline of the parents. A digenic model requiring two de novo mutations is unlikely to explain more than a handful of HPE cases, due the rarity of these events individually or collectively [Krykov et al., 2007] . Recent studies on ZIC2 mutations are notable for their high penetrance, frequent novelty of the mutations, and consistent phenotype that could not be readily explained by a digenic mechanism of divergent factors [Solomon et al., 2010] . However, a model of co-variations in genes that functionally interact with these novel mutations can help to explain the variability between mutation carriers within families. While functionally abnormal polymorphisms, such as the ones identified in the NODAL gene [Roessler et al., 2009d] , have not been fully evaluated for their potential roles as modifiers, these are excellent candidates for context-dependent variations that can modify the effects of mutations in other genes. Just as the identical mutation(s) in mice can have dramatically different consequences in different mouse strains, the identical type of mutation in humans can also manifest itself differently depending on its genetic context. Finally, although the types of genetic interactions observed in animal models will often also be proven true for humans, this is almost certainly not absolute. Furthermore, there is no reason to believe that the individual variations/susceptibilities are identical across species. It is more likely that each vertebrate animal, including humans, has its own unique set of variations established within its population and these help to explain why a novel mutation can have such a wide range of consequences.
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